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Abstract 
 In the present paper a proton exchange membrane (PEM) electrolyser for hydrogen production powered by 
solar photovoltaic system is presented.Integration of photovoltaic (PV)panel systems with electrolyser is being 
investigated to reduce diesel fuel consumption and to minimize atmospheric pollution.A mathematical model for a 
PEM is presented.The model is deduced from electro-chemical, thermodynamical and thermal equations.  To 
validate the model, a smallscale laboratory electrolyser is used as an experimental tool. The whole model is 
simulated and the simulation results fit very well the experimental data. The electrolyser is powered by a PV panel 
and is modelled, sized and experimentally validated. 
 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. INTRODUCTION 
 
 The continued use of fossil fuels to meet the majority of the world’s energy demand is threatened by 
increasing concentrations of carbon dioxide (CO2) in the atmosphere and concerns over global warming[1,2], 
moreover, the petroleum is a finite source for fuel that is rapidly becoming scarcer and more expensive. Petroleum-
based fuels are limited reserves concentrated in certain regions of the world [1]. 
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Hydrogen will play an important role as an energy carrier for sustainable development in the future [3-5]. It can 
be used in combustion devices or fuel cells without any carbon emissions, and minimal emissions of other pollutant 
gases[6]. Hydrogen must be produced from other green sourceswith energy input. Presently, hydrogen can be 
economically produced from hydrocarbon reforming, which is neither renewable nor clean from the life cycle point 
of view [6,7], or it is obtained by splitting water (H2O) into hydrogen (H2) and oxygen (O2). And the best known 
way of splitting water is the water electrolysis, and necessary energy for electrolysis can be supplied from an array 
of renewable energy sources such as wind, solar, hydro and others green sources. Because of this reason, the 
hydrogen production from renewable energy is one of the most popular studies [8]. 
Hydrogen is clean fuel with no CO2emissions and can easily be used in fuel cells for the generation of electricity. 
Besides, hydrogen has a high energy yield of 122 kJ/g, which is2.75 times greater than hydrocarbon fuels [9], it has 
good properties as a fuel for internal combustion engines in automobiles. Hydrogen can be used as a fuel directly in 
an internal combustion engine not much different from the engines used with gasoline [1]. Hydrogen has very 
special properties as a transportation fuel, including a rapid burning speed, a high effective octane number, and no 
toxicity or ozone-forming potential. It has much wider limits of flammability in air (4-75% by volume) than 
methane (5.3-15% by volume) and gasoline (1-7.6% by volume) [10, 11]. 
Hydrogen can be stored chemically or physio-chemically in various solid and liquid compounds (metal hydrides, 
carbon nanostructures, alanates, borohydrides, methane, methanol and light hydrocarbons) [12]. 
The aim of this paper is to present the theoretical model which has been developed in order to describe the 
polarization curve of the electrolyser, and to present the results of the experiments carried out to validate the models 
of the electrolyser as well of the PV source. 
 
Nomenclature  
 
A              MEA area (cm2) 
            activation 
        anode 
CO2   carbon dioxide  
C              concentration (mol/m3) 
Cp            water thermal capacity (J/Kg.K) 
Cond        conduction 
Conv        convection 
         cathode 
           diffusion 
            the water diffusion coefficient 
e               thickness (m) 
Erev                 the standard reversible voltage 
F               faraday constant (C/mol) 
           Irradiance (W/m²) 
H2O          water                                                                                            
H2             hydrogen  
H              molar enthalpy (J/mol) 
h               height  (m) 
I                cell current (A) 
         module reference short circuit current (A) 
         current of short circuit (A) 
MPPT       Maximum Power Point Tracking 
me             membrane 
             Number of cells in series 
 Number of module in series 
         Number of module in parallel 
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n              number of electrons transferred during the reaction  
nd                   electro-osmotic drag coefficient  
O2            oxygen    
P              pressure                                                                                                                
             thermal resistance (W/K) 
Rs            series resistance of module (Ohm) 
Rsh          parallel resistance of module (Ohm) 
R              universal gas constant (J/mol K) 
S              molar entropy (J/mol K) 
r               cylinder tank internal radius   (m)                                                                         
           reference of water temperature ( K)  
        ambient temperature ( K)  
T              temperature ( K) 
t  time (s)  
      module reference short circuit voltage (V) 
V             cell Voltage (V)  
Vel                 voltage of the electrolyser (V) 
               cell current density (A/cm2)  
            Hydrogen ions 
            electron charge  
            enthalpy variation during the reaction 
            entropy variation during the reaction 
            the Gibbs free energy 
            chargetransfer coefficients at the anode and anode 
             chargetransfer coefficients at the anode and cathode 
              heat flow (J) 
membrane conductivity (s/cm) 
              conductivity (W/m) 
            the membrane thickness (mm) 
 
2. Modelling of the PV 
The solar cell is presented by an equivalent circuit as it is shown in Fig. 1. The solar module is an association of  
ୡୣ୪୪ୱ cells in series with ୡୣ୪୪୮ cells in parallel, the conversion of solar energy into electrical energy is expressed by 
a nonlinear relation between the current  ୔୚୫  and the voltage ୔୚୫of the module [13-22]. 
 
ܫ௉௏௠ ൌ ܫ௣௛௠ െ ܫ଴௠ ቂ ቀ௏ುೇ೘ାூುೇ೘Ǥோೞ೘௡Ǥ௏೅ ቁ െ ͳቃ െ
௏ುೇ೘ାூುೇ೘Ǥோೞ೘
ோೞ೓೘ (1) 
With ୘ ൌ ୔୚ 
Fig. 1: Equivalent circuit of a photocell. 
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The photocurrent is related to the illumination by: 
ܫ௣௛ ൌ ா೐ாೝ೐೑ ቀܫ௣௛ǡ௥௘௙ ൅ ߤூௌ஼൫ ௉ܶ௏ െ ௉ܶ௏ǡ௥௘௙൯ቁ                                                                                                      (2) 
In this study, PV is used as an energy source for the PEM electrolyser under-study. The simplified blocks are 
shown in Fig. 2. 
 
Maximum Power Point Tracking (MPPT) technique has been used to control a converter to reach the maximum 
available power from solar panels [13-22]. Because. The aim of MPPT is to obtain and maintain a PV operating at 
the maximum power point. 
The studied PV panel is named PWX500 from Photowatt’s, it uses multi-crystalline technology. The solar cells 
are individually characterized and electronically matched prior to interconnection. The studied PV panel is named 
PWX500 from Photowatt’s, it uses multi-crystalline Si technology. The solar cells are individually characterized and 
electronically matched prior to interconnection. This module is available in double glass technology which increased 
its reliability [14]. 
     PWX500 has 75 WP, it is suitable for marine and tropical environment or isolated areas. PWX500 has 4*9 cells 
with dimensions of 101*101 mm for each one.  
     In the simulation results, PWX500 has a maximum power of 52W at 1000 W/m2 of irradiance (Fig. 3). To 
obtain this maximum power, a MPPT cotroller has to be used. Many MPPT controller algorithms have been used 
and in  
this study Perturb and Observe one (P&O) has been applied. 
 
(a)                                                                                                     (b) 
Fig.3.(a) I, V simulation curve of PWX500 panel at different irradiances;(b)P, V simulation curveof PWX500 panel at different irradiances  
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Fig. 4: Maximization of power using MPPT 
 
Fig 3 presents P-V and I-V curves at different irradiance (G) levels W/m2), and constant temperature. These 
curves have global MPPT. Suppose the PV panel operates at point A in Fig. 3, which is far from the MPPT. In the 
P&O algorithm, the operating voltage of the PV array is perturbed by a small increment, and the resulting change in 
power P, is measured. If P is positive, then the perturbation of the operating voltage has moved the PV array’s 
operating point closer to the MPPT. Thus, further voltage perturbations in the same direction (that is, with the same 
algebraic sign) should move the operating point toward the MPPT. If P is negative, the system operating point has 
moved away from the MPPT, and the algebraic sign of the perturbation should be reversed to move back toward the 
MPPT. As a result of P&O algorithm maximum power has been extracted from the PV panel as shown in Fig. 4.  
The values of maximum power at different irradiances values were listed in Table 2.  
 Two types of experimental tests were applied on this PV panel, in the first one, the surface PV panel’s 
temperature was fixed at 25 °C and irradiance values have been varied between 180 and 410 W/m² (Fig.5). In a 
second test the irradiance has been fixed at 400 W/m² and PV panel surface temperature was changed between 41 
and 71 °C (Fig.6).  
Fig.5. Experimental PV panel characteristics at different irradiances.        Fig. 6.Experimental PV panel characteristics at different temperatures. 
3. PEM electrolyser 
The water electrolysis operation is an electrolytic process which decomposes water ଶ molecule into oxygen 
ଶ and hydrogen ଶ gases by applying a DC voltage (Fig 8). 
Protons flow through the PEM membrane from the anode to the cathode while the electrons move to the cathode 
via the outer electrical circuit. At the cathode, hydrogen is formed by the recombination of electrons and protons.  
The overall chemical reaction of water electrolysis is given by: 
ʹܪଶܱ ൅ ݈݁݁ܿݐݎ݅ܿ݅ݐݕ ՜ ܱଶ ൅ ʹܪଶ ൅ ݄݁ܽݐ(3) 
In water electrolysis, at the anode electrode, the oxidation equation is: 
ʹܪଶܱ ՜ ܱଶ ൅ Ͷܪା ൅ Ͷ݁ି(4) 
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In water electrolysis, at the cathode electrode (hydrogen production), the reduction equation is: 
Ͷܪା ൅ Ͷ݁ି ՜ ʹܪଶ(5) 
For splitting the water molecule, the electric energy is consumed by the redox chemical reaction. As a 
consequence, the change in enthalpy' , entropy'  (heat exchange or irreversible energy) and Gibbs energy 
(reversible energy) '
 are closely related to the electric and the thermal energy generated by the cell. 
The change in enthalpy for the water splitting can be given according to the following equation: 
οܪ ൌ οܩ ൅ ܶοܵ(6) 
The voltage at standard conditions (T=298K, P=1atm) namely the thermodynamic point voltage is expressed by:  
ܸݎ݂݁ ൌ οீ௡ி ൌ ͳǤʹʹͻܸ(7) 
Regarding reaction (3), its Gibbs free energy change in standard conditions can be evaluated as: 
߂ܩ ൌ ܩுଶ ൅ ଵଶ ܩைଶ െ ܩுଶை(8) 
The electrolyser used is staXX7 of H-TEC (50 W), with an active area of 16 cm² and a membrane thickness of 
130 μm. The temperature is not controlled.  
The current is imposed and the voltage is obtained [23]. 
At the bottom level, four feeding water channels are connected, and on the upper level four evacuation channels 
are dedicated to the anode compartment. 
Its enthalpy variation is given by: 
߂ܪ ൌ ܪுଶ ൅ ଵଶܪைଶ െ ܪுଶைሺͻሻ 
 
Fig 7. Stack of 7cells electrolyser staXX of H_TEC. 
 
3.1. Modelling of the PEM electrolyser 
The electrolyser model could be divided into an electrical model, an electrochemical and thermodynamic model and 
a thermal model. 
3.1.1.  Electrical model 
When the current is applied to the PEM cell, the actual total operating voltage of electrolyser cell can be  
represented as the sum of the Nernst potential, activation over potential and ohmic over potential and can be given 
by: [24] 
௘ܸ௟ ൌ ܧ ൅ ߟሺܫ௘௟ሻ ൅ ܧ݋݄݉(10) 
ܧ ൌ ܧݎ݁ݒ ൌ  οீ௡ி (11) 
 WhereɄሺୣ୪ሻ is the over potential due to losses.̴ is the voltage for PEM electrolysis, n: is the number of 
electrons transferred during the reaction here (n=2) and   is the standard reversible voltage. 
(1(Where the Gibbs free energy change at any temperature but standard pressure can be calculated as follows [26]: 
οܩ ൌ οܪ െ ܶοܵ  (12) 
Where, Nernst potential is the theoretical voltage that takes into account the partial pressure of the gases 
(hydrogen and oxygen) and is given as [23, 40, 47] 
ܧ ൌ ܧ௡௘௥௡௦௧ ൌ οீ௡ி ൌ ܧ௥௘௩ ൅
ோ்
ଶி ݈݊ ቀ
௉ಹమ௉ೀమబǤఱ
௔ಹమೀ ቁ(13) 
P: denotes the partial pressure, R = 8.3144 J/mol K, F = 96 487 C/mol, aH2O= 1 (for liquid water), PH2 and PO2atm 
are respectively the universal gas constant, the Faraday’s constant, the water activity and the partial pressures of 
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hydrogen and oxygen. 
3.1.2. Electrochemical and thermodynamic model 
The activation over potential is the over potential that electrochemical reaction has to overcome for the 
conversion of reactants to products and is given by Butler- Volmer equation as [27] 
ߟா௅ ൌ ܧ௔௖௧ି௔௡௢ௗ ൅ ܧ௔௖௧ି௖௔௧௛ ൌ ோ்ଶఈಲி ݏ݄݅݊
ିଵ ൬ ூଶ௝బǡಲ஺൰ ൅
ோ்
ଶఈ಴ி ݏ݄݅݊
ିଵ ൬ ூଶ௝బǡ಴஺൰(14) 
 
Where, I is the current density (A/cm2), R is the universal gas constant,  ଴ǡ୅ǡ ଴ǡେ are the exchange current density 
at the anode and cathode, respectively and ¢୅ǡ¢େ are the charge transfer coefficients at the anode and cathode, 
respectively. 
(1(are(19) Membrane :Heat flow (W)The electrochemical parameters (¢୅ǡ¢େǡ଴ǡ୅ ,଴ǡେǡ³୫  ) for equations 
(activation over potential) and (ohmic over potential) are determined using Matlab parameter identification tools 
(look up table) 
¾ The diffusion over potential 
Ohmic over potential across the proton exchange membrane is caused by the resistance of the membrane to 
the hydrogen ions transporting through it. 
ܧ݋݄݉ ൌ ܴ݆݁ ൌ ׎ߪ݉ ݆                                                       (15) 
³୫ǣ Membrane conductivity(s/cm) 
: Heat flow (W) 
¾ ((The thermal model of the stack 
ܥ௧௛ି௦௧௔௖௞ ௗ்ௗ௧ ൌ ܶ ቂσ൫οܵ௤൯௜௡ െ σ൫οܵ௤൯௢௨௧ቃ(16) 
σ൫ο୯൯୧୬: is the sum of entropic flows of all heat sources. 
σ൫ο୯൯୭୳୲ :  is the sum of entropic flows of all heat sinks 
¾ Water tank thermal energy accumulation  
ሺሻ୲ୟ୬୩̴ୌଶ୓ ୢ୘ౄమోୢ୘ ൌ ୯̴ୌଶ୓̴୭୳୲ ൅ ο୯̴ୡ୭୬ୢౙ౥౤౬(17) 
4. Experimental results 
Fig (08) shows the voltage curve as a function of the current jointly with the experimental data points. 
The static electrical response of the PEM electrolyser is given by the equation (10) which needs the 
electrochemical parameters values of equations (14) and (15).The identification of the parameters is done with 
Matlab/simulink curve fitting tools. 
 
                                                                         Fig 8.polarization curve (I, V). 
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The Figs (09) and (10) show the modelling results and the experimental data of the stack temperature profile and 
the water tank temperature profile respectively. 
      The temperature of the stack increases from 297 to 309K.However, the water tank temperature increases from 
297 to 303K. The electrochemical parameters are obtained from experimental current-voltage data. Because of the 
dependence of the temperature with the electrochemical parameters, it is expected to have some errors between the 
modelling and experimental results of the stack and the water tank. The PEM electrolyser stack temperature is given 
by equation (16). However, the water tank temperature is given in equation (17). 
 
 
 
Fig 09.Stack temperature profile 
Fig 10.Stack temperature profile 
Figures .08, 09 and 10 show the agreement of experimental data and the simulation model 
 
5. CONCLUSION 
 
This paper deals with the production of the hydrogen by water electrolysis using a proton exchange membrane 
electrolyser. This later is supplied by photovoltaic panel. The hydrogen is then produced using green and renewable 
energy and plays an important role as an efficient storage element for static or mobile applications. The PV panel is 
chosen and sized to feed the studied electrolyser. The models of the photovoltaic panel as well as the one of the 
PEM electrolyser are given and are experimentally validated using small scale electrolyser. The temperature and 
irradiance effects, at the electrolyser surface and at the inlet electrolyser water, are taken into account. 
The obtained results are satisfactory and show that the theoretical simulations are very close to the experimental 
ones. 
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